When parenchymal hepatocytes isolated from adult liver are co-cultured with other epithelial cells, the production of various plasma proteins by the hepatocytes is preserved for much longer than in conventional culture. This study examines some of the metabolic interactions between parenchymal hepatocytes and epithelial cells maintained in co-culture. The 
INTRODUCTION
Parenchymal hepatocytes isolated from adult liver and maintained in primary culture are the only system in vitro for long-term studies ofdifferentiated liver functions [1] . However, a disadvantage of hepatocyte cultures, for experiments of several days duration, is that they show a progressive decline in expression of certain liver functions, e.g. the production of albumin and acute-phase proteins, and various metabolic functions [1] . Recently a technique has been developed by Guguen-Guillouzo and co-workers [2] [3] [4] which preserves some of the liver functions of hepatocytes in culture. This technique involves co-culturing parenchymal hepatocytes with liver-derived epithelial cells, which do not themselves express liver functions [5] . The production of albumin [2] , various acute-phase proteins 13] and complement component C3 [4] remains stable in co-cultures with epithelial cells for several days, whereas they decline rapidly in conventional hepatocyte culture. Co-culture of human hepatocytes with epithelial cells derived from rat liver also preserves the activity of cytochrome P-450 [6] . The co-culture model is potentially attractive for longterm metabolic studies. However, for metabolic studies, the need to quantify the relative proportions of the two cell types in co-cultures is essential. The objectives of the present study were: (1) to examine whether co-culture of parenchymal hepatocytes with undifferentiated liver epithelial cells helps to preserve carbohydrate and lipid metabolism (gluconeogenesis and ketogenesis) in hepatocytes; (2) to examine the metabolic interactions between the hepatocytes and epithelial cells in co-culture.
MATERIALS AND METHODS Isolation of rat parenchymal hepatocytes
Parenchymal hepatocytes were isolated from male Wistar rats (body wt. 190-200 g) by liver perfusion with collagenase [7] . The liver cells were dissociated in Earle's balanced salts solution (150 ml) and incubated for 20 min at 37 'C. The parenchymal hepatocytes were sedimented (50 g, 2 min), then washed twice in Earle's salts and once in Earle's salts with 1 % (w/v) bovine serum albumin, and suspended in Minimum Essential Medium (MEM) with 5 % (v/v) fetal bovine serum and antibiotics [8] . Part Vol. 252 an epithelial-like shape [4, 10] . However, after 95-100 days from isolation (about 23 passages) they showed gross morphological changes.
Fibroblasts were isolated and grown from the above cultures from the cells that remained attached to the flasks during trypsin treatment of the epithelial cells in the early passages. They were grown in Dulbecco's MEM containing 5 % fetal bovine serum and passaged every 8 days.
Hep-G2 cells (human hepatoma [11] ) were grown as in [9] . Co-culture of parenchymal hepatocytes with epithelial cells or fibroblasts
The co-cultures were set up in parallel with pure cultures of these cell types seeded at the same cell density per flask as the co-cultures.. Immediately after preparation of the diluted parenchymal hepatocyte suspension, 3 ml (1.2 x 106 cells) was added to 25 cm2 flasks (Nunc; Gibco). Some of the flasks were kept as pure parenchymal hepatocyte cultures; the rest were used for co-culture. The epithelial cells and fibroblasts were removed from the 75 cm2 flasks with trypsin and suspended (at 105 cells/ml) in MEM containing 5 % fetal bovine serum.
The epithelial cells were added (2 ml per flask) either to flasks containing 3 ml of parenchymal hepatocyte suspension immediately after addition of the parenchymal cells or to flasks that had been incubated with parenchymal cells for 4 h to allow the cells to attach and spread. In the latter case, the medium was decanted before addition of the epithelial cells. Pure cultures of epithelial cells (2 ml per 25 cm2 flask) were set up in parallel. Fibroblast co-cultures were set up as for the epithelial cells, but with half the cell density. All cultures were equilibrated with 5 % CO2 in air and incubated at 37 'C. At 4 h after inoculation of epithelial cells of fibroblasts, the medium was replaced by 5 ml of Williams E medium containing 1 % fetal bovine serum. After 24 h the medium was replaced with 4 ml of serum-free Williams E medium containing 10 nM-dexamethasone and 10 nM-insulin, and thereafter daily with the same medium. The spent medium was collected for determination of lactate dehydrogenase activity and albumin. A 1 ml sample of the medium was deproteinized with 0.2 M-HClO4 for determination of metabolites.
The data presented are from two experiments out of four. The numbers of replicate flasks set up are shown in Table 2 . In the course of the culture, some of the flasks were used for determination of ketogenesis and enzyme activities. In preliminary experiments it was found that lactate dehydrogenase activity and metabolite concentrations varied by less than 8 % between replicate flasks of each cell type. Thereafter, assays were performed on pooled medium. When activities or concentrations were constant over several consecutive days, the values are presented as means + S.E.M. for the number of days indicated. Assays Metabolites. Glucose [12] , lactate, pyruvate, 3-hydroxybutyrate, acetoacetate [13] and alanine [14] were assayed enzymically. Urea and ammonia were determined enzymically with a kit from Roche Diagnostics (Nutley, NJ, U.S.A.). The final assay contained 59 mMTris, 0.29 mM-NADH, 1.5 mM-ADP, 15 mM-2-oxoglutarate, 40 units of urease/ml and 2.5 units of glutamate dehydrogenase/ml. The reaction was monitored from the decrease in NADH absorption at 340 nm and is expressed as nmol of urea or ammonia nitrogen per ml.
Ketogenesis. This was determined by incubation of the monolayers with 0.5 mM-palmitate and 0.5 mM-L-carnitine for 2 h as in [15] .
Enzymes. Cells were harvested as in [13] . Enzymes were assayed at 30 'C. Pyruvate kinase (EC 2.7.1.40) was assayed with 0.5 mM-phosphoenolpyruvate without or with 100 ,M-fructose 1,6-bisphosphate as in [13] ; fructose-1,6-bisphosphatase (EC 3.1.3.11) was assayed as in [16] , and other enzymes were measured as in [17] .
Proteins. Rat albumin was measured immunoturbidimetrically [18] with goat anti-(rat albumin) IgG (GARa/ Alb), obtained from Nordic Immunological Laboratories, Tilburg, The Netherlands. Protein was assayed by the Lowry method [19] , with bovine albumin standards.
RESULTS AND DISCUSSION Enzyme activities in dividing epithelial cells and parenchymal hepatocytes
The dividing epithelial cells had a different morphology from the parenchymal hepatocytes and were similar to dividing epithelial cells from rat liver [4, 5, 10] . Table 1 shows some of the enzyme activities that differed in the dividing epithelial cells and hepatocytes. The activities of human hepatoma cells are included for comparison. In the dividing epithelial cells: pyruvate kinase was not activated by fructose 1,6-bisphosphate, suggesting the absence of the L isoenzyme; fructose-bisphosphatase was not detectable (< 0.2 munit/mg of protein), indicating lack of gluconeogenic function; and activities of various mitochondrial enzymes, e.g. carnitine palmitoyltransferase, citrate synthase, hydroxyacyl-CoA dehydrogenase and glutamate dehydrogenase, were much lower than in hepatocytes or hepatoma cells (Table 1) . Although there are differences in enzyme activities between human and rat liver [15] , enzyme activities in human parenchymal hepatocytes (results not shown) were more similar to those in rat hepatocytes than in dividing epithelial cells from human liver. Lactate dehydrogenase release in the medium The leakage of lactate dehydrogenase during the first 9 days of culture was lower in co-cultures of hepatocytes with epithelial cells or fibroblasts than in pure hepatocyte cultures (Table 2) , suggesting better parenchymal-cell integrity in co-cultures. Pyruvate kinase activity Since pyruvate kinase is activated by fructose 1,6-bisphosphate in parenchymal hepatocytes, but not in dividing epithelial cells, pyruvate kinase activity assayed without the bisphosphate was used to assess epithelialcell density in co-culture. On day 3 of culture, pyruvate kinase activity (assayed without fructose 1,6-bisphosphate) was approximately equal in co-cultures (104 munits/flask) to the sum ofactivities in pure parenchymal and pure epithelial cultures (16 and 84 munits/flask respectively), suggesting that epithelial cell number was similar in pure and co-cultures. On days 5 and 8, the activity was 30 and 5000 higher in co-cultures than in 1988 The incremental increase in pyruvate kinase activity after addition of fructose 1,6-bisphosphate was similar in pure parenchymal cultures and in co-cultures on day 3, but it then declined more rapidly in pure parenchymal cultures, and on days 5 and 8 the bisphosphatedependent activity was 76 and 31 00, respectively, of that in co-cultures. On day 8 the activity in co-cultures and pure cultures was 50 and 18 %, respectively, of the original, indicating that the L isoenzyme of pyruvate kinase decreases more rapidly in conventional culture than in co-culture.
Albumin secretion
Albumin production by pure parenchymal cultures declined after 10 days to less than 5 % of that at 2-6 days (36 + 8 ,ug/ml), whereas in the co-cultures with epithelial cells it was sustained up to day 20 (38 ± 4 ,ug/ml). Similar results were reported by Guguen-Guillouzo et al. [2] . Ketogenesis and carnitine palmitoyltransferase activity
In the absence of exogenous fatty acids, acetoacetate and 3-hydroxybutyrate were present at higher concentrations in the medium of co-cultures than in parenchymal pure cultures (parenchymal, 49 + 4/tM; + epithelial cells, 136 + 8 pm; + fibroblasts, 70 + 5 #m; means + S.E.M., days 4-7), and were not detectable in the medium of pure epithelial or fibroblast cultures. The 3-hydroxybutyrate/acetoacetate ratio was also higher in co-cultures (parenchymal, 0.81 + 0.08; + epithelial cells, 1.48 + 0.09; + fibroblasts, 0.98 + 0.05).
The rate of ketogenesis determined with 0.5 mMpalmitate (and 0.5 mM-carnitine) as substrate was constant on days 1, 2 and 3 of culture, but slightly lower in parenchymal/epithelial (by 28 %) and parenchymal/ L. Agius In pure parenchymal cultures, there was net output of glucose, lactate and pyruvate, but net uptake of alanine (Table 3 ) and presumably other amino acids, including glutamine. In pure epithelial cultures, there was net uptake of glucose, but not of alanine, and the output of lactate and pyruvate accounted for 65-66 % of the glucose uptake. In fibroblast cultures, the changes in glucose, lactate and pyruvate were similar to but lower than for the epithelial cultures (Table 3) .
In co-cultures of parenchymal and epithelial cells, [glucose] was higher (P < 0.05, paired t test) and [lactate+ pyruvate] lower (P < 0.05) than in pure epithelial cultures (Table 3) . Since the pyruvate kinase data suggest similar epithelial-cell density on day 3 in pure culture and co-culture, but higher (30-50 %) epithelialcell pyruvate kinase in co-culture on days 5 and 8, the likely explanation is that the lower [ (Table 3) . Effects of lactate on alanine uptake by pure parenchymal cultures In order to test the hypothesis that the lower depletion of alanine by parenchymal/epithelial co-cu-ltures compared with pure parenchymal cultures is due to lactate (produced by the epithelial cells) replacing alanine as a substrate for the parenchymal cells, experiments were performed with the pure parenchymal cultures incubated with different lactate concentrations. The uptake of alanine by parenchymal hepatocytes precultured for either 24 h or 48 h was decreased by lactate added to the medium by 35-45 % (Table 4) . Glucagon (100 nM) increased the metabolism of alanine (by 50-1000; P < 0.01). Lactate also decreased alanine metabolism (26-28 %) in the presence of glucagon (Table 4 ). The production of urea and ammonia was suppressed in the incubations with lactate (Table 4 ). This suppression was greater than the decrease in alanine uptake, suggesting that the metabolism of other amino acids may also be suppressed by lactate. These findings support the hypothesis that in co-cultures the availability of lactate (produced by the epithelial cells) substitutes for alanine (and probably also other amino acids) as a substrate for the parenchymal hepatocytes. Vol. 252 ratio in the medium was similar at 5 h and 7.5 h after addition of lactate, and was higher in incubations with lactate than in controls (Table 4) . It was also higher in the co-cultures than in pure parenchymal cultures, presumably because of the higher [lactate] ( (4) In parenchymal hepatocyte/ epithelial co-cultures, the epithelial cells, which have a high glycolytic rate, provide the parenchymal cells with a continual supply of lactate, which is maintained at a physiological concentration (millimolar range). Lactate is utilized by the parenchymal hepatocytes in co-cultures, in part for gluconeogenesis, but probably also for glycogenesis and lipogenesis. (5) Alanine uptake by parenchymal hepatocytes is lower in co-cultures than in pure parenchymal cultures, which lack an exogenous supply of lactate. Studies with pure parenchymal cultures showed that increasing lactate availability decreases the metabolism of alanine and the production of urea and ammonia. These findings together suggest that, in cocultures of parenchymal and epithelial cells, the lactate produced by the epithelial cells is utilized by the parenchymal cells in preference to alanine. Utilization of amino acids, as opposed to lactate, as gluconeogenic, glycogenic, oxidative or lipogenic substrates is associated with additional metabolic demands for disposal of amino groups. In most conventional media used for hepatocyte culture, amino acids are the only available exogenous substrate apart from glucose. In early culture hepatocytes may be in net gluconeogenic rather than glycolytic flux, consequently amino acids are used as gluconeogenic substrates. The present study suggests that hepatocytes in co-culture are exposed to a more physiological substrate milieu because of the continual availability of lactate. This suppresses amino acid utilization. The continual provision oflactate by the epithelial cells, which mimics the physiological environment, may contribute to the improved preservation of hepatocyte function in coculture.
